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Superplastic deformation of alumina ceramics was studied 
at 1400" to 1450°C and at a strain rate of 4 X lo-' to 5 X 
s-'. MgO and Z r 0 2  were introduced to suppress dy- 
namic grain growth. The latter was especially effective; 
grain growth was minimal in 10-voI%-ZrO2-containing ma- 
terial. Both materials were superplastically stretched under 
biaxial tension to 100% engineering strain with good surface 
finishing, demonstrating the feasibility of superplastic form- 
ing for alumina ceramics. [Key words: alumina, superplas- 
tic, deformation, grain growth, additives.] 
I. Introduction 
N A previous paper,' we showed that, for pure alumina, I grain growth during sintering was effectively suppressed 
through low-temperature sintering. Nevertheless, dynamic 
grain growth occurred rapidly in superplastic deformation. 
The latter had a devastating effect on the superplastic behav- 
ior of the material. Although the aforementioned ultra-fine- 
grained pure alumina exhibited rather low initial flow 
stresses at relatively low temperatures and hence might have 
been a good candidate for superplastic ceramic, this was not 
realized because the dynamic grain growth caused strain- 
hardening leading to cavitation and cracking. Therefore, it 
became clear that the control of dynamic grain growth was an 
essential next step in the development of superplastic alu- 
mina ceramics. 
The phenomenon of dynamic grain growth during super- 
plastic deformation of fine-grained ceramics has been well 
However, its cause and remedy are not yet 
clear. Following the previous work in the literature on sinter- 
ing and static grain growth, we have added MgO' and Z r 0 2  
to alumina in an attempt to lower the grain-boundary mobility 
through solute drag (MgO) or second-phase pinning (ZrOZ)," 
thereby suppressing dynamic grain growth. These approaches 
have proved successful. As a result, superplastic alumina ce- 
ramics deformable under biaxial tension have been obtained. 
11. Experimental Procedure 
The procedure for material preparation was essentially the 
same as that reported previously,' except for an additional 
step of introducing additives to pure alumina. This was done 
by adding an aqueous solution of either Mg(N03)z or ZrOC12 
to a dispersed suspension of alumina powders in distilled 
water. The pH of the mixture was then adjusted to floc the 
suspension. The amount of MgO introduced was 200 ppm, a 
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value around the solubility limit." The volume fraction of 
ZrOz addition was 10% (Zr02 and AIZO3 have little solubility 
for each other). The slurry was dried and calcined (700°C for 
MgO-doped alumina and 1000°C for ZrOZ-containing alu- 
mina). The powder thus obtained was again milled, dispersed 
and pressure-cast into cakes as described elsewhere." The 
sintering temperatures used were 1320°C for MgO-doped alu- 
mina and 1480°C for Zr02-added alumina, compared to 
1250°C for pure alumina. A final density of greater than 98% 
of the theoretical was reachable in 2 h (4 h in the case of pure 
alumina). Other experimental procedures for specimen 
preparation, compression testing, superplastic stretching, and 
microstructural characterization were the same as reported 
previou~ly. '~'~~'~ For ZrOz-added alumina, the average linear 
intercept length was corrected for a second phase using the 
method of Wurst and Ne1s0n.l~ 
111. Results and Discussion 
(1) Sintered Microstructures 
Polished cross sections of sintered samples of pure alumina, 
MgO-doped alumina, and ZrOz-added alumina are shown in 
Figs. 1(A), (B), and (C), respectively. Both undoped and 
MgO-doped aluminas show typical microstructures of a single- 
phase material, although the grain size distribution in un- 
doped alumina appears somewhat wider. In ZrOZ-added 
material, small ZrOZ inclusions are well distributed, lying al- 
most exclusively at alumina grain triple junctions. The aver- 
age grain sizes of these specimens were 0.51 pm for undoped, 
0.53 pm for MgO-doped, and 0.50 pm for ZrOz-added alu- 
mina. Apparently, during low-temperature sintering, grain 
size seems not to have been further reduced by these addi- 
tives. (As shown previously, static grain growth in alumina at 
temperatures below 1300°C was already very slow.') 
(2) Effect of Additives on Deformation and Grain Growth 
True stress versus true strain curves at 1400°C and a con- 
stant strain rate of 10-4/s in compression are shown in Fig. 2 
for pure, MgO-doped, and ZrOZ-added alumina. Extensive 
strain hardening was evident only for pure alumina. As dis- 
cussed in the previous paper,' the strain hardening can be 
attributed to dynamic grain growth. (The drop of stress at 
large strain is due to severe cavitation which is more pro- 
nounced here than that at lower temperature and lower strain 
rate.') Compared to pure alumina, strain hardening for MgO- 
doped alumina is modest; its flow stress increased from an 
initial value of about 20 MPa to some 50 MPa after a defor- 
mation strain of 0.68. Strain hardening can be totally sup- 
pressed by 10% ZrOz addition. Indeed, although the initial 
flow stress of ZrOz-containing alumina is the highest, it 
becomes comparable to those of the other two aluminas at 
large strains. 
Data of flow stress and strain rate at 1400°C for undoped, 
MgO-doped, and Zr02-added alumina are summarized in 
Fig. 3. Because of pronounced dynamic grain growth in pure 
alumina, flow stress at 2% strain was used here for compari- 
son. Since the initial grain sizes were nearly the same for the 
three materials, these data can be compared directly with 
each other. A common feature of these data is a stress expo- 
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Fig. 1. Scanning electron micrographs of polished cross sections of various aluminas (bar = 1 pm). As-sintered specimens: (A) pure; 
(B) MgO-doped; (C)  ZrO2-added. Deformed at 14OO0C, 10-4/s: (D) pure, E = 0.57; (E) MgO-doped, E = 0.68; (F) Zr02-added; E = 0.68. 
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Fig. 2. Flow stress at a constant strain rate of 10-"/s versus strain 
curves for pure, MgO-doped, and Zr02-added alumina. 
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strain at 1400°C for pure, MgO-doped, and Zr02-added alumina. 
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nent near 2. This would suggest that the additives do not 
change the deformation mechanism of alumina if the same 
microstructure is maintained under these deformation condi- 
tions. A small increase of strain rate due to MgO is observed, 
as is the depression of strain rate due to ZrOz. These observa- 
tions are in agreement with Cannon et al.’s work on pure and 
MgO-doped fine-grained a l~mina , ’~  and with Wakai et a1.k 
study on pure and Zr02-added alumina.I6 
The corresponding microstructures of these materials after 
deformation are shown in Figs. 1(D) (undoped), 1(E) (MgO- 
doped), and 1(F) (Zr02-added). Extensive grain growth is evi- 
dent by comparing Figs. 1(A) and (D) for pure alumina. The 
grain growth for MgO-doped alumina is less pronounced. 
The grain size in the Zr02-added material remains almost 
unchanged despite its change in the aspect ratio. 
The evolution of grain size during deformation is further 
illustrated in Fig. 4, in which the normalized alumina grain 
size data, in the form of In (d/da), are plotted against strain. 
Here d is the current grain size and do is the initial grain size. 
Also included are the two datum points of Mocellin et aL5 
and the data of Venkatachari and Raj” for MgO-doped alu- 
mina of a coarser grain size. These data clearly show the 
grain growth retardation effect of MgO and ZrOz. For the 
case of MgO doping, the data from three independent studies 
are generally in agreement with each other. However, the 
data of Venkatachari and Raj show somewhat less grain 
growth than those found in the present study and in Mocellin 
et aL’s work. This is not surprising since in the former the 
amount of MgO employed was 0.25 wt% in contrast to 
200 ppm in the present study and 500 ppm in Mocellin et al.’s 
work. (The former concentration is well over the solubility of 
MgO in alumina;” thus second-phase pinning may well be 
operative .) 
Static grain growth also occurred to some extent during the 
deformation. This can be noted from the data in Fig. 4; none 
of these lines except that of Zr02-added alumina seems to 
pass the origin. Nevertheless, the main contribution to the 
grain size increase was from dynamic grain growth. For ex- 
ample, for undoped alumina of an initial grain size of 
0.51 pm at 14OO0C, a deformed specimen (strain rate = 
3 x 10-4/s for 2 x lo3 s) has d = 1.6 pm, while an annealed 
specimen reached d = 0.9 pm over the same time period. In 
the case of MgO-doped alumina at 1420”C,17 deformation to a 
strain of 0.66 increased grain size from 1.6 to 3.05 pn ,  
whereas in the same period (186 min), the grain size of an 
annealed sample reached only 1.8 pm. 
Finally, to investigate the cause of elongated grains formed 
during deformation of Zr02-added material, we have per- 
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Fig. 5. Forming load versus punch displacement for MgO-doped 
and Zr02-added alumina during superplastic stretching at 1450°C. 
T h e  average s t r a in  ra te  is  3 X 10-4/s for t he  former and 
1.5 x 10-4/s for the latter. 
formed additional deformation experiments over a wide range 
of strain rate and temperature to large strains on the three 
aluminas shown in Fig. 1. In addition, a Zr02-added alumina 
which was further doped with lo00 ppm MgO was also tested. 
We have found that the extent of grain elongation was consis- 
tent with the magnitude of the flow stress. Thus, for example, 
at a constant strain rate and total strain, grains were more 
elongated at lower temperatures, while MgO doping to Zr02- 
containing alumina lowered both the flow stress and the 
grain elongation. At the same flow stress, a higher temperature 
gave rise to a larger aspect ratio. These observations suggest 
that an increased dislocation activity, which is more sensitive 
to flow stress than diffusional superplastic flow, is probably 
responsible for grain elongation, and the higher aspect ratio 
of Zr02-added alumina is due to its higher flow stress during 
much of the earlier stage of deformation as indicated in 
Fig. 2. 
(3) Superplastic Stretching 
We have verified the superplastic formability of MgO- 
doped and Zr0,-added alumina, using the punch bulging test 
described e1~ewhere.l~ In this test, a flat disk is stretched by a 
semispherical punch to a dome shape. When the height of the 
dome reaches the same as the dome radius, the surface area is 
approximately twice that of the original. This corresponds to 
a biaxial engineering strain of 100%. 
Typical curves of forming load versus punch displacement 
for MgO-doped and Zr02-added aluminas at 1450°C are 
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shown in Fig. 5. The punch radius used was 6.5 mm. The 
average strain rate was 3 x W 4 / s  for MgO-doped alumina 
and 1.5 x 10-4/s for Zr02-added alumina. The increase in 
load with the displacement in the case of Zr02-added sample 
is due essentially to the increase in the deforming area of the 
specimen, since grain growth/strain hardening is negligible in 
this material. In comparison, the MgO-doped sample showed 
a lower load in the early stage but a more rapid load increase 
at the later stage, which is consistent with its lower initial 
flow stress and faster dynamic grain growth as already dis- 
cussed earlier. 
In both cases, full stretching to a half-spherical-shaped 
dome was successfully completed. Figure 6 shows photo- 
graphs of two punch-stretched specimens, with MgO-doped 
alumina on the left and Zr02-added alumina on the right. 
The quality of the as-formed surfaces is good. This demon- 
strates that, once dynamic grain growth is suppressed, defor- 
mation processing of alumina ceramics should be feasible. 
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